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We propose a setup enabling electron energy loss spectroscopy to determine the density of the
electrons accumulated by an electro-positive dielectric in contact with a plasma. It is based on a
two-layer structure inserted into a recess of the wall. Consisting of a plasma-facing film made out
of the dielectric of interest and a substrate layer the structure is designed to confine the plasma-
induced surplus electrons to the region of the film. The charge fluctuations they give rise to can then
be read out from the backside of the substrate by near specular electron reflection. To obtain in
this scattering geometry a strong charge-sensitive reflection maximum due to the surplus electrons
the film has to be most probably pre-n-doped and sufficiently thin with the mechanical stability
maintained by the substrate. We demonstrate the feasibility of the proposal by calculating the loss
spectrum for an Al2O3 film on top of a CaO layer. We find a reflection maximum strongly shifting
with the density of the surplus electrons and suggest to use it for its diagnostics.
PACS numbers: 79.20.Uv, 73.30.+y, 52.40.Kh
I. INTRODUCTION
The most fundamental manifestation of the interac-
tion of a plasma with a solid is the formation of an elec-
tric double layer consisting, respectively, of an electron-
depleted and electron-rich space charge region on the
plasma and the solid side of the interface1. It arises
because electrons are deposited more efficiently onto or
into the surface, depending on its electronic structure,
than they are extracted from it by neutralization/de-
excitation of ions/radicals2. Since the beginning of
gaseous electronics3 it is of course known that an electric
double layer is formed at plasma-solid interfaces. Yet
a microscopic understanding of the solid-based part of
the double layer is still missing, mostly because of the
limitations of the diagnostics for surface charges and be-
cause it was so far–perhaps–not essential for the success
of plasma physics and technology. Continuing progress
in the miniaturization of integrated microdischarges4,5,
however, driven by the desire to combine solid-state and
gaseous electronics6,7, makes the embracing solid struc-
ture an integral part of the plasma-device. In these struc-
tures the solid- and plasma-based charge dynamics are
intimately linked. A complete understanding of the dis-
charge requires thus to upgrade plasma diagnostics by
techniques which provide also a view on the charge dy-
namics inside the plasma-facing solid.
There exist a number of techniques to estimate the
charge accumulated by plasma-facing solids. Elec-
tric probes8, surface potential measurements9–11, opto-
mechanical devices based on the reflection of a laser by
a cantilever12, and the Pockels effect of an electro-optic
crystal13–18 have been employed for that purpose. How-
ever, with the exception of the Pockels effect measure-
ments, the methods are rather invasive. In addition,
they are limited to measuring the total charge accumu-
lated by the plasma-facing solid. How the charge is dis-
tributed normal to the plasma-wall interface cannot be
determined. Information about the charge dynamics in-
side the solid can also not be obtained by these methods.
To overcome the limitations of the existing methods
we recently proposed infrared attenuated reflection (IR-
ATR) spectroscopy as a tool for gaining access to the
surplus charges in a dielectric exposed to a plasma19.
The proposal relies on a layered structure supporting a
Berreman mode in the infrared which turns out to be
rather charge-sensitive. Combined with a self-consistent
description of the electric double layer at the plasma-
solid interface the method has the potential to provide
not only the total charge deposited into the solid (which
we demonstrated by an exploratory calculation19) but
also its spatial distribution inside the solid.
Another experimental technique of solid state physics–
electron energy loss spectroscopy (EELS) (see Refs.20–25
for a general introduction)–could be perhaps also used as
a diagnostics for the electrons accumulated by a plasma-
facing solid. EELS is an electron reflection technique
where the probing electron couples to the dipole fields
of the charge fluctuations inside the solid. As a result
it looses energy as well as momentum and scatters a
bit off the specular direction. The cross section for the
near specular reflection contains thus information about
charge fluctuations inside the solid.
In a number of experiments it was shown that EELS
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Figure 1: Illustration of the proposed setup for measuring
the plasma-induced wall charge by electron energy loss spec-
troscopy. The idea is to confine the wall charge n(z) in a
thin film, stabilize it by a substrate, and read out the charge
information with an electron beam applied from the backside.
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Figure 2: Geometry of the structure we investigate. It
consists of an electro-positive film with thickness d and an
electro-negative substrate with thickness s embedded between
a plasma and a vacuum. The layers as well as the plasma and
the vacuum are characterized by background dielectric func-
tions εi with i = p, f, s, v as indicated and the electron beam
is applied from the vacuum side. On the right is plotted the
potential profile confining electrons to the region of the film.
It arises from the positive and negative electron affinities χ
of the film and the substrate, respectively, and is essential for
the operation of the charge measuring device we propose.
can be used to determine parameters characterizing the
inhomogeneous electron gases formed at semiconductor
surfaces26–30. If it were not for the fact that the plasma
prevents applying the probing electron beam directly to
the plasma-solid interface it would be clear that EELS
can be used as a wall charge diagnostics in plasma ap-
plications. To enable EELS to measure the charge accu-
mulated by a plasma-facing solid an indirect setup has
to be used. It is the purpose of this paper to describe
such a setup and to demonstrate by a model calculation
its feasibility as a testbed for investigating the charging
of solids exposed to a plasma.
As a first step we focus on a setup measuring the to-
tal charge accumulated by an electro-positive dielectric
in contact with a plasma, leaving modifications required
for an analysis of the depth profile for future work. The
setup is shown in Fig. 1. It consists of a film made out of
the dielectric of interest in contact with the plasma and
supported by a substrate layer. The electron beam sup-
posed to read out the charge information is applied from
the side opposite to the plasma-solid interface. Interfer-
ence with the plasma is thus excluded on the expense of
using a thin film structure. For the setup to work it has
to be designed in a particular manner. Our calculations
indicate the probing electron beam to be sensitive to the
fluctuations of the plasma-induced surplus electrons in
the film if the thickness of the whole structure is in the
sub-100 nm range. In addition we found it advantageous
to confine the surplus electrons coming from the plasma
to the region of the film by the line-up of the conduction
band edges of the film and the substrate. To compensate
for the loss of signal strength due to the substrate we sug-
gest moreover to pre-n-dope the plasma-facing film. The
last measure is not of principal importance. It is only
required for making the signal detectable with EELS in-
strumentation currently available.
The outline of the rest of the paper is as follows. In
the next section we calculate the cross section for near
specular electron reflection from a two-layer structure in
contact with a plasma. Due to the confinement of the
charge to a thin film the de Broglie wavelength of the
electrons is on the same order as the screening length
forcing us to employ the nonlocal response theory of Mills
and coworkers31–33. Numerical results for an Al2O3 film
on top of a CaO layer, which is a material combination
meeting the requirements listed above, are then presented
in Section III. For film thicknesses on the order of a few
10s nanometers and background dopings on the order of
1018 cm−3 we find a maximum in the reflection cross sec-
tion due to the collective excitation of the total number of
electrons in the film which is sufficiently strong to be de-
tectable and charge-sensitive to serve as a diagnostics for
the density of the film’s surplus electrons coming from
the plasma. Section IV concludes the presentation by
summarizing its main points.
II. THEORETICAL BACKGROUND
We consider EELS in an unusual geometry where the
probing electron approaches a layered structure of finite
width from the side opposite to the interface of interest,
which–in our case–is the interface between a plasma and
an upper most layer of a stack of materials. As illustrated
in Fig. 2, the structure and its embedding are character-
ized by a set of dielectric functions εi with i = v, s, f, p
and a potential profile Vconf(z) accounting for the offsets
of the layer’s conduction band edges from the potential
just outside the structure (electron affinities χ). The en-
ergy loss we want to detect and use as a charge diagnos-
tics arises from the density n(z) of electrons accumulated
in the film next to the plasma. For simplicity we char-
acterize the plasma by a dielectric function εp which we
moreover set at the end to εv neglecting thereby charge
fluctuations inside the plasma. To take them into account
is beyond the scope of the present work. It constitutes
however no principal problem.
A. Cross section for EELS
Using the coordinate system of Fig. 2 and assuming
charge fluctuations to arise solely from the stack of mate-
rials the microscopic approach developed by Mills31 gives
for the momentum-integrated EELS cross section
dS
dω
=
2e2
pi~
|RI |2
∫
D
d2q‖R(~q‖, ω)P (~q‖, ω) (1)
with |RI |2 the probability for quantum-mechanical reflec-
tion from the vacuum-substrate interface, which we set
in the following to unity, the surface-rider function
R(~q‖, ω) =
v2⊥
[v2⊥q
2
‖ + (ω − ~v‖ · ~q‖)2]2
, (2)
3accounting for the scattering kinematics, where ~v‖ and
~v⊥ are the electron’s velocity components parallel and
perpendicular to the surface, and the loss function (a =
|~a| for any vector ~a)
P (~q‖, ω) =
e2
~
∫
d2x‖
∫ ∞
−∞
dt ei~q‖·~x‖−iωt
∫ d
−s
dz
∫ d
−s
dz′e−q‖(z+z
′+2s) 〈δρ†(~x‖, z′; t)δρ(0, z; 0)〉T , (3)
taking the transfer of energy ~ω and lateral momentum
~q‖ parallel to the xy-plane from the electron to the solid
structure into account. It forces the out-going branch of
the scattering trajectory to deviate a bit from the specu-
lar direction and carries therefore the information we are
looking for.
To the EELS signal not all lateral momenta ~q‖ con-
tribute to the cross section. Switching to cylindrical co-
ordinates with the polar angle φ measured with respect
to ~v‖ one realizes that the integration domain D relevant
for EELS is bounded by the ellipse equation21,
1
[qc‖(φ)]
2
=
sin2(φ)
[qmax‖ ]
2
+
cos2(φ)
[qmax‖ cos(φi)]
2
, (4)
where φi is the incident angle of the probing beam
with respect to the surface normal, qmax‖ = qdBφa, with
qdB =
√
2E0m/~ the de Broglie wave number of the scat-
tering electron incoming with energy E0 and φa half of
the acceptance angle of the detector.
The essential part of the cross section is the loss func-
tion P (~q‖, ω) which via (3) is related to the charge-charge
correlation function 〈δρ†(~x‖, z′, t)δρ(0, z, 0)〉T , where the
operator δρ(~x‖, z′, t) describes the charge fluctuations
arising in the spatial region for which −s < z < d and the
brackets denote the thermodynamical average taken over
this domain at temperature T . Clearly this is an approx-
imation. It assumes that the plasma-facing structure is
in thermal equilibrium. In reality this is not the case.
But at this early stage of exploring EELS as a charge
diagnostics the equilibrium assumption seems justified.
Including the non-equilibrium aspects would unnecessar-
ily mask the basic idea we want to convey and will be
subject of future work.
From the integrand in (3) arises a problem for the from-
the-back detection of the EELS signal. Because of the
substrate layer the absolute value of the argument of the
exponential function is even in the most favorite situation
q‖s with s the thickness of the substrate and28
q‖ '
√
2me
~2
~ω sinφi
2
√
E0
(5)
the momentum transferred from the electron to the solid;
~ω is the energy of the charge fluctuation to be detected
and me is the electron mass. Compared to a system with-
out substrate the EELS signal is hence suppressed by a
factor exp(−q‖s) implying for s ' q−1‖ the intensity to be
down by roughly 37%. Thin substrates are thus required
for strong signals but they have to be also mechanically
stable limiting in practice how thin they can be.
B. Charge fluctuations
We are interested in the EELS fingerprint of the elec-
trons residing in the plasma-facing film. To identify their
contribution to (1) we have to isolate the film’s electronic
charge fluctuation δρe from the total charge fluctuation
δρ of the two-layer structure. An elegant scheme to ac-
complish this, due originally to Ehlers and Mills32, who
used it to describe EELS from space charge regions at
semiconductor surfaces, is based on a consideration of
the potential fluctuations outside the solid probed by the
EELS electron; subsequently Streight and Mills33 applied
it also to EELS from semiconducting films. Adopted
to our situation the potential fluctuations in the region
z < −s arising from the charge fluctuations in the region
z > −s have to be calculated. On the one hand, this can
be done by using the general expression for the electric
potential and expanding the factor |~x − ~x′|−1 in terms
of surface waves20. It can be however also obtained by
solving for a point charge located in the film the Poisson
equation with boundary conditions appropriate for the
two-layer structure under consideration. Weighting the
result with the distribution δρe(~q‖, z, t) of surplus elec-
trons in the film gives then an alternative expression for
the potential fluctuations which via comparison with the
former allows to relate δρe(~q‖, z, t) to δρ(~q‖, z, t).
The first approach, based on the general expression for
the electric potential in front of the stack, leads to
δΦ(~x, t) =
∫
d2q‖
(2pi)2
ei~q‖·~x‖δΦ(~q‖, z, t) (6)
with z < −s and
δΦ(~q‖, z, t) =
2pie
q‖
∫ d
−s
dz′eq‖(z−z
′)δρ(~q‖, z′, t) . (7)
The imbedding strategy, on the other hand, working
with the Poisson equation,
∇ · [ε(z)∇Φ(~x)] = −4pieδ(x′)δ(y′)δ(z′ − z), (8)
4where the point charge is located at x′ = y′ = 0 and
d > z′ > 0, that is, inside the film, yields upon utilizing
the homogeneity in the xy-plane,
Φ(~x) =
∫
d2q‖
(2pi)2
ei~q‖·~x‖Φ(q‖, z) (9)
with
Φ(q‖, z) = Aeq‖z +Be−q‖z (10)
and expansion coefficients A and B determined from the
boundary conditions appropriate for the z-dependent di-
electric function
ε(z) =

εv for z < −s
εs for − s < z < 0
εf for 0 < z < d
εp for z > d
. (11)
For the imbedding strategy to be applicable the imag-
inary parts of the dielectric functions εi have to be of
course negligible in the frequency range of interest. En-
forcing the boundary conditions
Φ(q‖, z−) = Φ(q‖, z+) (12)
ε(z−)
dΦ(q‖, z)
dz
∣∣∣∣
z−
−ε(z+)dΦ(q‖, z)
dz
∣∣∣∣
z+
=
{
4pie if z = z′
0 else
(13)
at z = −s, z = 0, and z = d and setting B = 0 for
z < −s and A = 0 for z > d we find–after weighting the
result with the (instantaneous) charge distribution in-
side the film and Fourier transforming the lateral spatial
variables–for the potential in the region z < −s, denoted
now again by δΦ(~q‖, z, t), the expression
δΦ(~q‖, z, t) =
(2pie/q‖)4εs
(εf + εs)(εs + εv)h(q‖; εs, s; εf , d; εp, εv)∫ d
−s
dz′eq‖(z−z
′)F (q‖, z′; εf , d; εp)δρe(~q‖, z′, t)θ(z′) ,
(14)
with the auxiliary functions
h(q‖; εs, s;εf , d; εp, εv) = 1 + LsvLfse−2q‖s
− LfpLfse−2q‖d − LfpLsve−2q‖(d+s) (15)
and
F (q‖, z; εf , d; εp) = 1 + Lfpe−2q‖(d−z) , (16)
where
Lij =
εi − εj
εi + εj
with i, j = v, s, f, p . (17)
Comparison of (7) and (14) yields then a relation be-
tween δρ(~q‖, z′, t) and δρe(~q‖, z′, t) which inserted into (3)
leads after some algebra to the loss function
P (~q‖, ω) = 2e2(1 + n(ω))[
4εs
(εf + εs)(εs + εv)h(q‖; εs, s; εf , d; εp)
]2
∫ d
0
dz
∫ d
0
dz′e−q‖(z+z
′+2s)F (q‖, z; εf , d; εp)
F (q‖, z′; εf , d; εp)Imχ(~q‖, ω; z, z′) (18)
with n(ω) the Bose distribution function with β =
1/(kBT ) and
χ(~q‖, ω; z, z′) =
iθ(ω)
~
〈[δρ†e(~q‖, z, ω), δρe(~q‖, z′, 0)]〉T
(19)
the (commutator) density-density response function for
the surplus electrons32,33. The calculation of the loss
function P (~q‖, ω) has thus been reduced to the determi-
nation of the function χ(~q‖, ω; z, z′). That the electrons
are embedded in a dielectric structure is taken into ac-
count in (18) by the functions in front of Imχ(~q‖, ω; z, z′).
C. Density-density response function
The simplest scheme for obtaining the density-density
response function χ(~q‖, ω; z, z′) relies on the random-
phase approximation. As in the work of Mills and
coworkers32,33 it is based on the integral equation,
χ(~q‖, ω;z, z′) = χ0(~q‖, ω; z, z′)
−
∫ d
0
dz′′K(~q‖, ω; z, z′′)χ(~q‖, ω; z′′, z′) , (20)
where the kernel
K(~q‖, ω; z, z′) =
∫ d
0
dz′′χ0(~q‖, ω; z, z′′)v(q‖; z′′, z′) (21)
includes the electron-electron interaction v(q‖; z, z′) and
the irreducible particle-hole propagator χ0(~q‖, ω; z, z′).
Writing for the interaction potential v(q‖; z, z′) =
eΦ(q‖, z, z′), with Φ(q‖, z, z′) the electric potential at z
induced by a point charge at z′, where both z and z′ are
inside the film, the solution of the Poisson equation (8)
can be utilized to deduce
v(q‖; z, z′) =
2pie2
q‖εf
g(q‖; εs, s; εf , d; εp, εv)
h(q‖; εs, s; εf , d; εp, εv)
(22)
where
g(q‖; εs, s; εf , d; εp, εv) = e−q‖|z−z
′| + Lsve−q‖(z+z
′+2s)
+ Lfse
−q‖(z+z′) + Lfpe−q‖(2d−(z+z
′))
+ LsvLfse
−q‖(2s+|z−z′|) + LsvLfpe−q‖(2(s+d)−|z−z
′|)
+ LfsLfpe
−q‖(2d−|z−z′|)
+ LsvLfsLfpe
−q‖(2(d+s)−(z+z′)) . (23)
5To complete the construction of the kernel (21)
we also need the irreducible electron-hole propagator
χ0(~q‖, ω; z, z′). It is given by32,33
χ0(~q‖,ω; z, z′) =
2
A
∑
~k‖
∑
i,j
f(~k‖, i)− f(~k‖ + ~q‖, j)
~ω + iδ + E~k‖+~q‖,j − E~k‖,i
· ψ∗i (z)ψi(z′)ψj(z)ψ∗j (z′) , (24)
where
f(~k‖, i) =
1
e
β(E~k‖,i
−µ)
+ 1
(25)
is the Fermi distribution function with β = 1/(kBT ) and
µ is the chemical potential; A is the quantization area in
the xy-plane.
The single electron energies entering (24) contain the
energy of the lateral and the vertical motion,
E~k‖,i =
~2k2‖
2m∗
+ εi (26)
with the energy εi belonging to ψi(z), the part of the
wave function describing the perpendicular motion. To
obtain εi and ψi(z) we assume the film to constitute an
infinitely deep potential well. Both quantities can then be
looked up in textbooks about quantum mechanics34. It
is thus not necessary to list them here. Since the electron
affinity of Al2O3, the material we will take for the film,
is large and positive, the infinitely deep quantum well is
a reasonable approximation. Improvements are possible
but will be not addressed in this paper. The labels i, j are
the quantum numbers labeling the eigenstates of the well
and δ is a small but finite number preventing numerical
instability. For the results discussed in the next section
δ = 10−5. Finally, the chemical potential µ has to be
determined. It is related to the surface charge density
through the condition35
ns =
m∗
pi~2β
∑
i
ln(1 + e−β(εi−µ)) . (27)
Inside the film the electrons are distributed according to
n(z) =
m∗
pi~2β
∑
i
ln(1 + e−β(εi−µ))|ψi(z)|2 , (28)
which after integration over z yields (27), as it should,
because of the normalization of the wave functions.
D. Remarks concerning the numerics
The numerical work consists of two major parts:
(i) calculating the density-density response function
χ(~q‖, ω; z, z′) by solving the integral equation (20) and
(ii) integrating χ(~q‖, ω; z, z′) over z and z′ as specified in
(18) to obtain the loss function P (~q‖, ω), which is then
inserted into (1) to yield after integrating over ~q‖ the
EELS cross section dS/dω.
In order to obtain χ(~q‖, ω; z, z′) we first have to con-
struct the function χ0(~q‖, ω; z, z′). For that purpose we
closely follow Ehlers and Mills32 and adopt their ap-
proach to the layered structure we consider. Hence,
we convert the summation over ~k‖ to an integral and
rewrite (24) using Green functions. Only one sum over
the eigenstate labels i remains then. Due to the homo-
geneity in the xy plane it turns out that all quantities
depend only on the absolute value of ~q‖ which is cho-
sen parallel to the x-direction. For the solution of the
integral equation (20) itself we no longer follow Ehlers
and Mills32. Instead we employ the numerical strategy
Streight and Mills33 used in their study of semiconduct-
ing films. They noticed that for a film the numerical work
can be greatly reduced by integrating out the variable z′
which enters (20) and (18) only as a parameter. Instead
of solving (20) for χ(q‖, ω; z, z′), depending as we now
known only on q‖, we thus solve an integral equation for
X(q‖, ω; z) =
∫ d
0
dz′F (q‖, z′; εf , d; εp)e−q‖z
′
χ(q‖, ω; z, z′) ,
(29)
which can be easily derived from (20) and efficiently
solved by discretization and matrix inversion.
Obtaining χ(q‖, ω; z, z′) in the manner described is nu-
merically the most challenging task. The integrations
specified in (1) and (18), on the other hand, can be per-
formed with standard integration routines. For the nu-
merical work we used dimensionless variables, measuring
energies and lengths, respectively, in units of kBT and
λ∗ =
√
~2/2m∗ekBT , where m∗e is the effective electron
mass in the conduction band of the film.
III. RESULTS
We now present results for a setup consisting of a
plasma-facing Al2O3 film supported by a CaO substrate
layer to which an electron beam is applied from below
with E0 = 5 eV and φ = 45
◦. The acceptance angle of
the detector is 2φa = 2
◦.
The combination of materials meets the criteria we im-
pose for the setup to work as a testbed for measuring the
wall charge and also for our theory to be applicable: (i)
charge confinement to the film, (ii) dielectric functions
with small imaginary parts in the spectral range of in-
terest, and (iii) mechanical stability. Al2O3 is an electro-
positive dielectric with electron affinity χ = 2.58 eV39
whereas CaO is electro-negative with χ = −0.86 eV40.
Hence, the surplus electrons coming from the plasma will
be confined to the film. In the energy range of the charge
fluctuation we probe by EELS, the imaginary parts of
the dielectric functions are moreover very small. The
6CaO Al2O3
ε∞ 3.3856 3.2
ε0 – 9.0
ν1[cm
−1] 300 385
f1 9 0.3
γ1[cm
−1] 32 5.58
ν2[cm
−1] – 442
f2 – 2.7
γ2[cm
−1] – 4.42
ν3[cm
−1] – 569
f3 – 3
γ3[cm
−1] – 11.38
ν4[cm
−1] – 635
f4 – 0.3
γ4[cm
−1] – 12.7
Table I: Parameters entering (30) for the background dielec-
tric functions of CaO36 and Al2O3
37,38, the materials used,
respectively, for the substrate and the film of the proposed
EELS setup for measuring the wall charge.
argument enabling us to express the total charge fluc-
tuation as a product of a factor describing the back-
ground and a factor describing the surplus electrons is
thus justified. Finally, the mechanical properties of the
two materials make them suitable for our setup. Their
microhardnesses, for instance, are on the same order as
the ones for SiO2 and Si3N4 which are used as sub-100
nm membranes in photoelectron microscopy to withstand
pressure gaps at vacuum-liquid interfaces41. We expect
therefore the Al2O3/CaO system to allow also the con-
struction of film-substrate structures with thicknesses in
the sub-100 nm range, as it is required for the EELS
signal to be detectable in the setup we consider.
The background dielectric functions for CaO and
Al2O3 are found in the literature
36–38. Fitting experi-
mental data to a set of damped harmonic oscillators they
can be written in the form36–38
ε(ω) = ε∞ +
i=4∑
i=1
fiω
2
i
ω2i − ω2 − iγiω
(30)
with ωi = 2piνi = 2pic/λ. The parameters entering this
equation are given in Table I for the two materials. Plots
of the dielectric functions themselves are shown in Fig. 3,
where we also indicate by vertical dashed lines the spec-
tral region where the charge fluctuation occurs whose
density dependence we utilize for diagnostic purposes.
Clearly, in the relevant spectral range the dielectric func-
tions are essentially real. In addition to the dielectric
functions ε and the electron affinities χ we also need
the effective electron mass m∗e in the conduction band
of Al2O3. In units of the electron mass m
∗
e = 0.4. The
temperature is set to T = 300 K in all calculations and
εp = εv = 1.
200 400 600 800 1000
λ-1[cm-1]
-40
-20
0
20
40 ε’Al2O3
ε’’Al2O3
ε’CaO
ε’’CaO
Figure 3: Background dielectric functions for CaO and Al2O3
as obtained from (30) using the parameters of Table I. The
dashed vertical lines denote the spectral range of the collective
excitation of the electrons inside the Al2O3 film which we use
as a charge diagnostics.
Initially we simulated an undoped stack with thick-
ness 40 nm (which we consider sufficient for mechanical
stability) and indeed found a loss peak strongly shift-
ing with the density of the surplus electrons accumu-
lated from the plasma and hence suitable for our pur-
pose. Unfortunately, the intensity of the peak is rather
small because it arises from a multipole excitation of the
electrons. In units of the strength of the surface (Fuchs-
Kliewer) phonon at the vacuum-CaO interface, located
at 524 cm−1, which we take as a reference strength, the
peak height was only around 10−6 for a 10 nm Al2O3
film with a plasma-induced surface charge density nps =
5 · 1011 cm−2 on top of a 30 nm CaO layer. Such a faint
signal is most probably undetectable by current EELS
instrumentation. In a recent application to nanoplas-
monics42, for instance, EELS had a sensitivity of 10−4 in
units of the elastic peak. Since the Fuchs-Kliewer phonon
we use for normalization is typically an order of magni-
tude weaker than the elastic peak, signals should not be
weaker than 10−3 in our units to be detectable.
Although electron counting techniques may advance43,
pushing thereby the sensitivity limit, we take 10−3 as a
critical value. Measures are thus necessary to increase
the signal strength up to this value. Increasing the sig-
nal strength by reducing the thickness of the substrate
is not viable because it would threaten the mechanical
stability. Another possibility is to increase the density
of the electron gas by pre-n-doping the Al2O3 film. Due
to the pre-doping a loss peak of lower order (and hence
more intensity) becomes charge sensitive and hence suit-
able for charge diagnostics. It defines also a reference
peak, present without surplus electrons from the plasma,
which should help calibrating the method. The data pre-
sented below are therefore for a doped Al2O3 film. Due
7920 930 940 950
λ-1[cm-1]
0
1
2
3
4
5
6
dS
/d
λ-
1 [1
0-4
]
920 930 940
λ-1[cm-1]
0
1
2
3
4
5
n
sp  
[10
11
cm
-
2 ]
n
s
p
=0
n
s
p
=1011cm-2
n
s
p
=3x1011cm-2
n
s
p
=5x1011cm-2
s=10nm
s=20nm
s=30nm
s=30nm s=40nm
d=10nm
d=10nm
Figure 4: EELS spectra for an Al2O3/CaO structure at 300 K
in the energy range where the resonance is located we use as a
diagnostics for the plasma-induced charges in the Al2O3 film.
The film’s thickness and background doping are, respectively,
d = 10 nm and ndb = 10
18 cm−3 corresponding to a surface
charge density nds = n
d
bd = 10
12 cm−2. Left panel: Loss peak
normalized to the strength of the Fuchs-Kliewer phonon of the
vacuum-CaO interface as a function of the plasma-induced
surface charge density nps [corresponding to a bulk density
npb = n
p
s/d] for a substrate with thickness s = 30 nm. Right
panel: Energetic position of the loss peak as a function of nps
for four different substrate thicknesses. The film thickness is
in all four cases fixed to d = 10 nm.
to the doping the confinement potential is of course no
longer simply the potential well arising from the electron
affinities. The potential is affected by the Coulomb in-
teraction between the electrons and should be calculated
selfconsistently35. But for demonstrating the basic prin-
ciple of the charge measurement this is not necessary. We
leave it thus for the future.
After these remarks let us now turn to the EELS spec-
trum of a stack with a pre-n-doped plasma-facing Al2O3
film. Figure 4 shows data for wave numbers where the
loss is due to a fluctuation of the electron gas in a 10 nm
film doped with a bulk electron density ndb = 10
18 cm−3.
In the left panel the loss peak is plotted as a function of
the density nps of additional electrons coming from the
plasma. Clearly, for a substrate thickness s = 30 nm
the peak has not quite the required strength but reduc-
ing the substrate thickness a bit will push the strength
above the critical value as will be discussed in the next
paragraph. How the peak shifts with nps for different sub-
strate thicknesses is plotted in the right panel. Notice,
the position of the peak for nps = 0 depends weakly on s
despite the unchanged bulk electron density in the film.
We attribute this to a small substrate-induced redistri-
bution of spectral weight due to changes in the electric
field producing slightly different loss maxima. For all the
chosen values of s the peak shifts nicely with nps and is
thus well suited for measuring nps by simply recording
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Figure 5: Intensity of the loss peaks shown in Fig. 4 as a
function of nps . The thicker the substrate the weaker the loss
peak, as expected. The EELS spectrum is normalized to the
intensity of the Fuchs-Kliewer phonon at the vacuum-CaO
interface. As explained in the main text, we expect the critical
strength below which the signal becomes undetectable to be
around 10−3 in these units. Hence, the sensitivity of current
EELS instrumentation may be not sufficient for substrates
thicker than 30 nm.
the spectral position. Due to the limited energy resolu-
tion of EELS24, experimentally detectable are only shifts
larger than ∆λ−1 = 4 cm−1. Hence, charge densities
nps > 10
11 cm−2 may be measurable by this technique.
But this is also the range expected for plasma-facing di-
electrics as can be inferred from experimental studies of
the charging of dust particles in low-temperature plas-
mas44 and measurements of the wall charge by the Pock-
els effect16–18.
The strength of the loss peaks is shown in Fig. 5. Ac-
cording to the considerations presented above we take
10−3 as the critical strength in units of the strength of
the Fuchs-Kliewer phonon below which the signal cannot
be detected anymore. As can be seen, the background
doping pushes the signal strength for s < 30 nm above
this critical value, leaving the system with s = 30 nm at
the margin. Let us at this point however caution a bit.
In the literature EELS data are mostly given in arbitrary
units. Our estimate of the critical signal strength is based
on one42 of the few publications where the data are nor-
malized to a particular peak and hence estimable from an
intensity point of view. It may be possible that electron
detectors used in EELS are in fact more sensitive than
we believe. The signal could then by accordingly weaker.
In order to understand the physics of the loss peak we
are tracking as a function of nps , we analyzed the spatial
structure of the charge fluctuation giving rise to it using
the procedure developed by Streight and Mills33. They
noticed that for ω residing on the loss peak and q‖ fixed
to a value contributing to the EELS spectrum accord-
ing to the ellipse equation (4) the z−dependence of the
function ImX(q‖, ω, z), with X(q‖, ω, z) defined in (29),
reflects the spatial form of the charge fluctuation asso-
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Figure 6: The function ImX(q‖, ω, z) for an Al2O3/CaO
setup with d = 10 nm, s = 30 nm, ndb = 10
18 cm−3 [corre-
sponding to nds = 10
12 cm−2], and two values for the den-
sity of the plasma-induced surplus electrons: nps = 10
11 cm−2
(solid lines) and nps = 5 · 1011 cm−2 (dashed lines). The lat-
eral momentum q‖ in units of (λ∗)
−1 = 1/
√
~2/2m∗ekBT
and the energy ~ω in units of wave numbers making in
each case P (q‖, ω) maximal are given by (0.1, 927.742 cm
−1),
(0.15, 923.538 cm−1), and (0.2, 921.318 cm−1) for nps =
1011 cm−2 and (0.1, 941.837 cm−1), (0.15, 936.1 cm−1), and
(0.2, 932.691 cm−1) for nps = 5 · 1011 cm−2. For each density
the three doubles belong to the domain D over which P (q‖, ω)
has to be integrated according to (1). The z-dependence of
ImX(q‖, ω, z) shows that the charge fluctuation giving rise to
the peak in P (q‖, ω) is a surface plasmon localized close to
the boundaries of the Al2O3 film.
ciated with the peak. Figure 6 shows this function for
two different values of nps for a structure with d = 10 nm,
s = 30 nm, and ndb = 10
18 cm−3. The three doubles
(q‖, ~ω) are in each case fixed to the value where P (q‖, ω)
is maximal. Since the potential well confining the elec-
trons to the film is in our crude model infinitely deep the
charge fluctuations are in all cases symmetric with re-
spect to the film center. The fluctuation is maximal close
to the boundaries of the film. Hence, it represents a sur-
face plasmon. Increasing the density nps changes mainly
the amplitude of the oscillation. The overall structure
remains the same. Hence, we are indeed tracking a par-
ticular surface plasmon of the film with the density of the
surplus electrons coming from the plasma.
At the end of this section let us demonstrate the
need for using the nonlocal response theory of Mills
and coworkers31–33. It is necessary in cases where the
screening length λs =
√
kBT/4pinbe2 due to the elec-
trons producing the charge fluctuation the EELS elec-
tron couples to is on the same order as the (thermal)
de Broglie wave length λdB =
√
(2pi~)2/3m∗ekBT . The
density nb = n
d
b + n
s
b with n
d
b the bulk electron density
due to the background doping and npb the bulk density of
the electrons coming from the plasma (corresponding to
a surface density nps = n
p
bd). As can be seen in Table II,
the screening length and de Broglie wavelength, given for
Al2O3 (λdB = 9.9 nm)
d/nm nps [10
11 cm−2] nb[1018 cm−3] λs[nm]
5 1 1.2 3.3
10 1 1.1 3.4
15 1 1.07 3.5
Table II: Comparison of the de Broglie wave length λdB and
screening length λs for an Al2O3 film with thickness d and
charge density nb = n
d
b + n
p
b , where n
d
b is the film’s back-
ground electron density due to doping, to be taken in all cases
as 1018 cm−3, and npb = n
p
s/d the density of the additional
electrons coming from the plasma. As can be seen λdB and
λs are on the same order. Hence, a nonlocal description of
the modification of the film’s dielectric function due to the
charge carriers is required.
three different values of d and an electron density typical
for our setup, are on the same order. The nonlocal the-
ory is thus required to describe the dielectric response
of the electrons in the film. In fact, the loss peak we
are monitoring is even absent in the local theory which
uses a simple Drude term added to the film’s background
dielectric function20.
IV. CONCLUSIONS
We described an EELS setup for determining the den-
sity of electrons accumulated by a plasma-facing dielec-
tric solid. It is based on a two-layer structure, consisting
of a film and a substrate, which can be inserted into the
wall of a discharge. The film is made out of the material
whose plasma-induced charging one wants to know while
the substrate ensures the stability of the structure and
the confinement of the charges to the film. It is also the
layer to which the probing electron beam is applied. The
device is geared towards measuring the total charge ac-
cumulated by the plasma-facing structure. In principle a
structure of this type could be also used to determine by
EELS the profile of the charge distribution perpendicular
to the plasma-solid interface. It is then however neces-
sary to base the theoretical analysis on a selfconsistent
kinetic theory of the electric double layer at the plasma-
solid interface because otherwise the width of the space
charge cannot be determined. In addition the film has to
host the whole space charge. How challenging this will
be for the EELS sensitivity limit future work will show.
The main goal of this work was to find an EELS setup
for measuring the total charge residing inside a plasma-
facing dielectric film. For that purpose we made sim-
plifying assumptions and neglected a number of aspects
which may be of importance for a quantitative analy-
sis of experimental data. For instance, the plasma in
front of the structure is not modelled, it simply provides
surplus charges/electrons for the film. Furthermore, the
charge confinement is not calculated selfconsistently and
the charges inside film are assumed to be thermalized.
9It is also assumed that all the electrons coming from the
plasma are accumulated in the film’s conduction band ig-
noring surface states. These factors will modify the EELS
spectrum quantitatively but not qualitatively. The prin-
ciple of our proposal–confining the wall charge to a nar-
row film, stabilizing the film by a substrate, and reading-
out the charge density from the shift of a loss peak in the
from-the-back EELS–is unaffected by them.
To obtain in the particular scattering geometry on
which our proposal is based a sufficiently strong loss
peak, detectable by current EELS instrumentation, it
is most probably necessary to pre-n-dope the plasma-
facing film. For the principle of the method the dop-
ing is not necessary. The undoped film has loss peaks
due exclusively to plasma-induced charging but they are
rather faint because of their multipole character. The
pre-doping has however also the nice additional effect of
providing a reference peak, present also when the plasma
is off. Once the plasma is on and the film is flooded
by electrons from the plasma the peak shifts with the
density of the additional electrons. From the peak po-
sition the density can thus be determined. Our results
for the Al2O3/CaO system indicate that the from-the-
back geometry may indeed work. By a judicious choice
of materials–having suitable mechanical properties, con-
duction band edges with appropriate off-sets, and a suite
of donors–it should be possible to build sub-100 nm thick
structures for measuring the wall charge which are me-
chanically stable and yet furnish the EELS signal with
enough strength to be detectable.
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